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To extend the fiber access network into the home, using optical fiber is a good choice. Bend and twist

insensitive optical fiber with a large core diameter is particularly attractive, since it is easy to install and

connectorize. However, its bandwidth will be severely limited by its large multimodal dispersion. Here,

we first reported the design and fabrication of a novel bend and twist insensitive, 80-mm core-diameter

large-core multimode fiber (LCMMF) for in-home data communication. We experimentally demon-

strated 10 Gb/s multiple bands data transmission at distances for residential buildings and data centers.

The bit-error-rate (BER) performances of the LCMMF under bending and twisting were evaluated.

Finally, we also discovered experimentally an important relation between the differential-mode-delay

(DMD) and the BER of the fabricated LCMMF. This relationship could be a valuable tool for fiber

manufacturers.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Fiber-to-the-home (FTTH) has already been deployed in many
different countries and has reached the doors of many homes. To
further extend it into the home, optical fiber is also a good
choice [1]. Optical fiber provides the advantages of low cost,
low loss, high bandwidth, small size, insensitive to electromag-
netic interference when compared with copper-based cables.
Furthermore, optical fiber provides the extra dimension of wave-
length, which allows the integration of different types of broad-
band services. Bend and twist insensitive optical fiber with a large
core diameter is particularly attractive, since it is easy to install
and connectorize. For the applications in end-user devices, the
wear and tear of the optical cables is unavoidable. This may
produce optical-coupling misalignment between the laser source
and the optical cables, and increasing the coupling loss. Hence the
optical fiber with a large core diameter will have higher mis-
alignment tolerance. However, its bandwidth will be severely
limited by its large multimodal dispersion.

Recently different designs of optical fibers have been used in
optical communications [2–4]. Besides, several approaches have
been proposed to reduce the bend loss, e.g., using hole-assisted
fiber [3], or nano-engineered ring structure [4]. Besides, using
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multimode fiber for the transmission of radio-over-fiber (ROF)
signal is becoming more and more popular [5,6] and could be as
important as the transmission of baseband signal. In this work,
we first report the design, fabrication and evaluation of a novel
bend and twist insensitive, 80-mm core-diameter large-core
optical fiber (LCMMF) for in-home data communication. Our
measurement results show that although the core diameter is
increased by 60% when compared width typical multimode fiber
(MMF) (from 50-mm to 80-mm), 10 Gb/s multiple bands data
transmission at distance of 200 m required by typical building
and data center applications can be achieved in this new type of
LCMMF. The bit-error-rate (BER) performances under bending
and twisting are evaluated. Finally, we also discover experimen-
tally an important relation between the differential-mode-delay
(DMD) and the BER of the fabricated LCMMF. This relationship
could be a valuable tool for fiber manufacturers
2. Design and fabrication of the new-type 80-lm LCMMF

As the target of the LCMMF is for the modern-day applications,
it requires high mechanical strength than conventional telecom-
munication optical fiber. In order to increase the mechanical
bending strength and reduce the water erosion, a polymer-coat
is applied at the outside cladding layer. This is known as the GGP
(Glass–Glass–Polymer) design developed by the 3M Corpora-
tion [7]. We have been manufacturing the GGP fiber (licensed
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Fig. 1. Cross-section schematics of the conventional fiber and our designed and fabricated LCMMF. Inset: LCMMF refractive index profile.
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by 3M). In the hot-water bending fatigue evaluation, the fabri-
cated fiber with and without GGP were inset into 90 1C hot water
with bend diameter of 3.5 mm. The fiber breaking time was
detected by an acoustic sensor. At 50% failure probability, the
average fiber breaking time can be greatly extended from 90.5 s
(without GGP) to 124,000 s (with GGP). This was 1370 times
longer lifetime, and this design does not affect the optical
characteristics of the optical fiber.

Apart from the GGP structure, a low refractive index layer was
applied to the LCMMF. Modified chemical vapor deposition
(MCVD) was used to deposit a relatively thick layer of SiF4 (silicon
tetrafluoride, refractive index¼1.4162) between the fiber core
and cladding, as shown in Fig. 1. The SiF4 was commonly used to
lower the refractive index in standard optical fibers [8]. The SiF4

doped fiber passed the standard water immersion test and damp
heat test. However, by using the MCVD, the silica should be
heated to near its melting point. And the timing control for
making the preform was very critical since prolonged heating
will create defect to the LCMMF preform. Besides, as the devel-
oped core/cladding ratio in this LCMMF is �0.8, which is much
larger than that in traditional MMF (core/cladding �0.6). In this
case, we started with a thinner silica tube for the preform
fabrication. Hence the processing time can be reduced. By
optimizing the MCVD process as will as using a thinner silica
tube, the 80-mm LCMMF has been successfully fabrication.
We also measured that the low refractive index layer can be
grown at 2 mm thick and the refractive index can be decrease by
�0.3% when compared with the cladding layer (inset of Fig. 1).
Later bend and twist evaluations show that this layer is good
enough for making the LCMMF bend and twist insensitive. In the
1-km ULCMMF sample, the numerical aperture (NA) is 0.28, the
measured core, cladding, polymer and acrylate coating diameters
are 81.3-mm, 114.6-mm, 124.1-mm and 243.8-mm, respectively.
The core, cladding and polymer and acrylate coating non-
circularity are 2.43%, 0.21%, 0.28% and 0.6%, respectively. The
attenuations at 850 nm, 1300 nm and 1550 nm are 4.64 dB/km,
2.21 dB/km and 0.57 dB/km, respectively.
3. Wired and wireless transmission, results and discussion

Fig. 2 shows the experimental setup using the LCMMF for
carrying baseband and radio-over-fiber (ROF) signals. The base-
band 10 Gb/s non-return-to-zero (NRZ) signal was generated
from a 850 nm vertical-cavity surface-emitting laser (VCSEL)
based transmitter (Tx) connected to a bit-error-rate tester (BERT).
The Tx used was a commercially available 850 VCSEL SFPþtran-
sceiver (OPLINK, TPP1XGDS0xG) with VCSEL active area diameter
smaller than the fiber (center launching). Direct modulation of
the VCSEL was used. The pseudo-random binary sequence (PRBS)
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Fig. 2. Experimental setup of using the LCMMF for carrying baseband and ROF signals.
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length was 231
�1. Then the optical signal was coupled into the

200 m LCMMF before being received by the 850 nm receiver (Rx).
On the other hand, the ROF signal was an orthogonal frequency
division multiplexed (OFDM) signal at wavelength of 1550 nm
generated by using external modulation. The light was coupled
from standard single mode fiber (SMF) to the LCMMF using center
launching. The OFDM signal was applied to a Mach–Zehnder
modulator (MZM) using an arbitrary waveform generator (AWG).
The OFDM signal processing consisted of serial-to-parallel con-
version, symbol encoding, inverse fast Fourier transform (IFFT),
cyclic prefix insertion (CP). The AWG acted as the digital-to-
analog convertor (DAC), with sampling rate and resolution of
12 GSample/s and 8 bits, respectively. 16 Quadrature amplitude
modulation (QAM) was used in each subcarrier of the OFDM
signal. The 10 Gb/s OFDM signal used in the experiment occupied
�2.5 GHz bandwidth (from 1.95 MHz to 2.50 GHz).

The evaluation of the baseband NRZ signal was measured
directly by the BERT. The ROF OFDM signal was received by a PIN
photodiode (PD) and captured by a digital real-time oscilloscope
with the 50 GSample/s sampling rate and 3 dB bandwidth of
12.5 GHz for OFDM signal demodulation. Off-line computer pro-
gram was employed for the demodulation, including synchroni-
zation, fast Fourier transform (FFT), one-tap equalization, and
QAM symbol decoding. The FFT size was 512. Finally the BER of
the OFDM signal was obtained based on the measured signal-to-
noise ratio (SNR) [9]. Fig. 3(a) and (b) shows the measured BER
performances of the 10 Gb/s baseband NRZ signal and the 10 Gb/s
ROF OFDM signal with the corresponding eye-diagrams and 16-
QAM constellation diagrams. Negligible power penalty can be
observed in both signals. The measurement results confirmed that
although the core diameter is increased by 60% (from 50-mm to
80-mm), 10 Gb/s multiple bands transmission at typical home
application distance can still be achieved in this new type of
LCMMF. The BER performances of the 10 Gb/s baseband NRZ
signal and the 10 Gb/s ROF OFDM using standard MMF were also
included as a reference.

Then, we tested the bend and twist performances of the
LCMMF. For the bend test, the LCMMF was wrapped around a
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1 cm diameter steel mandrel. And the bend loss was measured at
different number of turns. Fig. 4 shows the measured LCMMF
bend optical power loss. We also compared the LCMMF with
typical standard single mode fiber (SSMF) and typical MMF (50/
125) available in the laboratory, showing that the bend loss of the
LCMMF was less than 0.03 dB in 10 turns of the mandrel. For the
twist testing, a section of LCMMF was fixed at both ends and it
was twisted at different angles. Fig. 5(a) and (b) shows the bend
and twist BER performances of the LCMMF using NRZ signal at
wavelength of 850 nm. The input optical power to the Rx was
�11 dB m. No measurable BER degradation was observed in both
evaluations. Same results also obtained using OFDM signal at
1550 nm.

A theoretical calculation about the core size of the MMF using
commercially available software VPI Transmission Maker V.
7.5 was performed. In this calculation, an input Gaussian optical
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Fig. 4. Measured bend loss of the LCMMF.
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Fig. 5. Measured (a) bend and (b) twist BER performances of the LCMMF.
pulse with initial pulse-width (�10 dB pulse-width) of 46 ps was
center launched into the standard 50-mm MMF and the 80-mm
LCMMF. We used the built-in MMF model in the VPI. The optical
pulse-width broadening against different fiber transmission
lengths was studied and is shown in Fig. 6. The simulation results
showed that the LCMMF produces higher pulse broadening due to
the larger core size, and the performance is good enough for
100 m in-home data communication.

We also theoretical studied the optical pulse-width broad-
ening against different offset launchings in the 1 km standard
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50-mm MMF and the 1 km 80-mm LCMMF as shown in Fig. 7. We
can observe that the pulse can be compressed or broadening at
different offsets, similar to the studies reported in Ref. [10].
According to the simulation results, larger offset angle is desirable
for the LCMMF when compared with the standard 50-mm MMF.
Fig. 8.
4. Relationship between DMD and BER of the LCMMF

The DMD is an industrial standard to measure the MMF
maximum difference between the delays of optical pulse propa-
gating in one mode group compared to the other [11]. It is a fast
estimation method of the fiber bandwidth and is widely adopted
in fiber manufacturing industries. On the other hand, BER
measures the (number of bits in error)/(total number of bits
transmitted). It is the most accurate method to evaluate the
performance of the fiber link. It is very important to know the BER
performance of the fiber since modern applications are mainly
transmitting digital data, and only using DMD for performance
estimation is not sufficient. Here, we looked for a relationship
between the DMD and BER performance of the LCMMF. Measure-
ments were performed using 6 diverse LCMMF samples (with
different refractive index profiles). The BER results was taken at
Rx power of �11 dB m using NRZ at wavelength of 850 nm. As
shown in Fig. 6, we discovered that in the fabricated LCMMF
samples, when DMD is r0.3 ps/m, the BER can be r10�9. It is
worth to note that the suggested criteria is only applied for NRZ
modulation.
5. Conclusion

We first proposed and demonstrated the design and fabrica-
tion of a new-type bend and twist insensitive, 80-mm core-
diameter LCMMF for in-home data communication. GGP
and low refractive index trench were used to increase the
mechanical strength and decrease the bend loss, respectively.
Multiple bands optical signals (using 10 Gb/s NRZ baseband and
10 Gb/s OFDM-16 QAM ROF signals) at 200 m transmission
(suitable for in-building and data-center applications) can be
achieved in this new type of LCMMF without power penalty even
though the core diameter is increased by 60% (from 50-mm to
80-mm). Finally, we also discovered experimentally an important
relation between the DMD and the BER of the fabricated LCMMF.
This relationship could be a valuable tool for fiber manufacturers.
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